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Abstract 

High-temperature  thermoplastic-graphite  composites  are  prepared  using  polyphenylene  sulfide  (PPS)  and  polyether  sulfone  (PES)  containing 
natural  graphite  powder.  All  samples  are  prepared  by  high  pressure  compaction  and  heating  to  high  temperatures.  The  effect  of  a  third  additional 
conducting  component  on  the  electrical  resistance  of  these  composites  is  studied.  A  low  resistance  of  the  order  of  0.1  Q,  can  be  obtained  even  for  a 
graphite  concentration  of  50%  by  addition  of  the  third  component.  The  effect  of  a  mixing/blending  technique  on  the  anisotropy  of  conductivity  is 
investigated.  Solution  blending  of  PES  with  graphite  leads  to  lower  anisotropy  values  than  powder  mixing  and  compression  moulding.  The  samples 
when  exposed  continuously  to  a  working  temperature  of  100  °C  give  a  small  but  significant  reduction  in  electrical  resistance.  X-ray  diffraction 
studies  on  composites  prepared  by  different  techniques  indicate  that  there  is  restructuring  and  crystallite  re-orientation  of  the  graphite  phase  in 
the  samples.  A  large  reduction  in  the  crystallite  size  is  observed  for  samples  prepared  by  solution  blending  while  re-orientation  occurs  after  heat 
treatment.  The  changes  in  electrical  properties  can  be  correlated  with  these  structural  transformations  in  the  composites. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Bipolar  plates  are  important  components  of  most  types  of  fuel 
cell  whether  these  are  polymer  electrolyte  membrane  fuel  cells 
(PEMFCs),  direct  methanol  fuel  cell  (DMFCs),  or  others  [1-4]. 
Conventionally,  bipolar  plates  are  made  from  pure  graphite  sin¬ 
tered  in  the  form  of  thick  plates  that  are  subsequently  machined 
to  form  flow  channels  for  hydrogen,  methanol,  water,  etc.  In 
the  attempts  to  reduce  the  cost  as  well  as  the  weight  of  the  fuel 
cell,  efforts  have  been  made  in  recent  years  to  use  conducting 
polymer  composites  for  the  fabrication  of  bipolar  plates  [5,6]. 
A  few  reports  mention  composites  using  thermoset  resins  or 
bulk  moulding  compounds  [7-9].  For  faster  and  large  scale  pro¬ 
duction,  however,  melt  processing  such  as  injection  moulding 
should  be  more  effective. 

For  better  processability  by  conventional  techniques  such  as 
injection  moulding  or  compression  moulding,  a  thermoplas¬ 
tic  compound  with  as  low  a  concentration  of  the  conduct¬ 
ing  graphite  additive  as  possible  is  preferred.  This  depends 
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on  the  percolation  threshold  for  a  particular  combination  of 
graphite  and  the  polymer  matrix  [10].  The  polymer  matrix  is 
also  expected  to  withstand  high  temperature  and  corrosive  envi¬ 
ronments  and  is  therefore  chosen  from  high-temperature  ther¬ 
moplastics  such  as  poly(phenylene  sulfide)  (PPS),  poly(ether 
ether  ketone)  (PEEK)  and  poly  (ether  sulfone)  (PES),  or  even 
a  liquid  crystalline  polymer  blended  with  the  same  [11,12]. 
In  order  to  achieve  optimum  electrical  properties  for  these 
polymer-graphite  composites,  it  is  essential  to  study  not  only 
the  compositional  dependence  but  also  the  effect  of  both  pro¬ 
cessing  conditions  and  continuous  exposure  to  high  temperature. 
This  paper  reports  a  study  of  PPS  and  PES-graphite  composites. 
These  indicate  that  new  methodologies  can  be  adopted  to  obtain 
high  conductivity  and  low  anisotropy  at  reasonable  loading  lev¬ 
els  of  the  conducting  additives. 

2.  Experimental 

2.7.  Materials 

The  polymers  were  commercial  grade  polyphenylene  sulfide 
(PPS,  Ryton  VI,  Phillips  Petroleum,  MFI  70)  and  poly(ether 
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sulfone)  (PES,  Gafone  3600  P,  Gharda  Chemicals,  India)  and 
were  used  as  such.  Graphite  was  natural  grade  (better  than  200 
mesh  size  powder)  obtained  from  Carbon  Enterprises,  India,  and 
the  carbon  black  was  conducting  grade  supplied  by  Degussa, 
Germany.  All  the  polymer  materials  were  in  powder  form  with 
particle  sizes  in  the  range  of  20-25  |jim,  while  the  graphite  and 
carbon  black  were  much  finer  (<2.0  pan). 

2.2.  Composite  blend  preparation 

Two  methods  were  mainly  adopted,  namely,  powder  blending 
and  solution  blending,  for  the  preparation  of  graphite  contain¬ 
ing  PES  formulations  used  in  moulding  the  discs.  In  the  former 
case,  graphite  powder  in  the  desired  amount  was  mixed  thor¬ 
oughly  with  the  PES  powder  (passed  through  a  120  mesh  sieve) 
in  an  agate  pestle  mortar  for  1  h.  This  mix  was  dried  by  heating 
at  50  °C  for  2h  prior  to  compression  moulding.  In  the  solution 
processing,  10  g  of  PES  was  completely  dissolved  in  100  ml  of 
dichloromethane  by  constant  stirring  for  12  h  in  stoppered  con¬ 
ical  flask.  The  desired  quantity  of  natural  graphite  powder  was 
added  to  the  solution  and  further  stirred  for  12  h.  The  mixture 
was  then  poured  in  a  trough  and  the  solvent  allowed  to  evap¬ 
orate  so  as  to  form  lumps/cake  that  was  washed  to  remove  the 
solvent.  The  pieces  were  crushed,  powdered,  sieved  through  100 
mesh,  dried  at  50  °C  for  8  h  and  finally  placed  under  a  vacuum 
(10-3  Torr)  for  a  few  hours  so  as  to  obtain  the  graphite-PES 
mix. 

2.3.  Compression  moulding  of  discs 

The  dried  powder  (1.0  g)  was  compression  moulded  in  a 
single-ended  compaction  stainless- steel  die  by  applying  3000  kg 
pressure  using  a  hydraulic  press  for  3.0  min.  The  discs  (3.0  cm 
diameter,  1-1.2  mm  thickness)  were  heated  to  210  or  240  °C  and 
held  at  this  temperature  for  different  periods  that  ranged  from 
1. 0-6.0  h  [13,14].  The  whole  process  for  making  these  compos¬ 
ite  discs  is  depicted  in  Scheme  1A  and  B. 

2.4.  Monitoring  electrical  and  other  properties 

Samples  were  tested  for  electrical  conductivity  by  measur¬ 
ing  the  resistance  by  means  of  a  Keithley  6514  electrometer 
connected  to  platinum  electrodes  placed  in  two  directions,  viz., 
across  the  thickness  and  along  the  diameter  of  the  circular  disc 
specimen.  The  electrical  properties  were  measured  in  a  specially 
constructed  sample  holder  with  carbon  cloth  and  platinum  foil 
(1  cm2)  as  contact  electrodes  and  a  constant  applied  pressure 
of  5  kg  cm-2.  The  structural  changes  taking  place  were  moni¬ 
tored  by  recording  wide-angle  X-ray  diffraction  with  a  Philips 
Diffractometer  (PW1780).  The  details  of  these  measurements 
are  described  elsewhere  [15-18]. 

3.  Results  and  discussion 

The  PES-graphite  composite  samples  obtained  after  mould¬ 
ing  at  210  °C  are  not  hard  but  easily  breakable.  By  contrast, 
those  obtained  at  240  °C  exhibit  good  stiffness,  hardness  and 


Scheme  1. 


shiny  surfaces  with  practically  no  graphite  rubbing  off  the  sur¬ 
face.  The  solution  blended  PES-graphite  (Scheme  IB)  has  a 
better  surface  finish  than  the  powder  blended  composites. 

The  electrical  conductivity  of  these  discs  was  monitored  with 
respect  to  composition,  i.e.,  graphite  concentration  as  well  as  the 
third  component  carbon  black  additive.  Fig.  1  shows  the  electri¬ 
cal  resistance  in  the  perpendicular  direction  of  PES-graphite 
composites  both  before  and  after  addition  of  the  third  com¬ 
ponent,  while  Fig.  2  presents  these  values  for  PPS-graphite 
composites.  In  both  cases,  samples  prepared  by  Scheme  1A 
the  resistance  decreases  rapidly  above  graphite  concentrations 
of  30wt.%  but  a  saturation  is  reached  above  60%  of  graphite. 
On  the  other  hand,  the  addition  of  a  third  conducting  compo¬ 
nent  such  as  fine  carbon  black  leads  to  further  improvement 
in  electrical  conductivity  over  and  above  that  achieved  at  high 
graphite  contents.  Resistance  values  of  0.1  Q  are  achievable  by 
this  method  which  is  desirable  for  bipolar  plates  used  in  fuel  cell 
applications  [7,19,20]. 

The  effect  of  preparation  method  on  the  anisotropy  of  the 
electrical  resistance  is  indicated  in  Fig.  3.  The  anisotropy 
(defined  as  the  ratio  of  electrical  resistance  in  the  perpendic- 
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Fig.  1 .  Compositional  dependence  of  electrical  resistance  of  PES-graphite  com¬ 
posite  and  effect  of  additional  conducting  carbon  black  (5  wt.%). 


Fig.  4.  Effect  of  continuous  exposure  to  high  temperature  on  electrical  resistance 
of  PES-graphite  composite  disc  containing  different  concentrations  of  graphite. 


PPS-Graphite-CB 


Fig.  2.  Electrical  resistance  of  PPS-graphite  composites  for  different  graphite 
concentrations  with  and  without  conducting  carbon  black  (5  wt.%). 

ular  direction  to  that  in  the  parallel)  increases  with  increase  in 
graphite  concentration  in  the  composite.  Further,  for  the  sam¬ 
ples  prepared  by  Scheme  1A,  the  anisotropy  is  higher  than  that 
prepared  by  Scheme  IB.  In  both  cases,  however  the  anisotropy 
becomes  high  when  the  graphite  content  is  above  60%.  It  may 
be  pointed  out  that  the  anisotropy  in  bonded/sintered  graphite 
plates  (>90%  graphite)  commercially  supplied  by  a  few  manu¬ 
facturers  is  of  the  order  of  two  to  three.  In  the  present  case,  the 

Anisotropy  of  PES-Graphite 

3-. - 


o.  2- 

Q. 


0  20  40  60  80 

Wt%  Graphite 

Fig.  3.  Anisotropy  of  conductivity  of  PES-graphite  composites  prepared  by:  (1) 
solution  blending  and  (2)  powder  mixing  followed  by  compression  moulding. 


anisotropy  is  much  lower.  These  results  are  explained  later  in 
this  paper  on  the  basis  of  X-ray  diffraction  data. 

The  effect  of  continuous  exposure  to  high  temperatures 
(100  °C)  on  the  electrical  resistance  of  these  PES-  and  PPS- 
based  is  shown  in  Figs.  4  and  5.  It  is  interesting  to  note  that 
most  of  these  composites  exhibit  quite  stable  behaviour  and  in 
fact  some  show  a  small,  but  significant  decrease  in  electrical 
resistance  after  200  h.  This  is  somewhat  surprising  since  it  is 
expected  that  the  resistance  will  increase  due  to  degradation, 
etc.  It  should  be  pointed  out,  however,  that  the  polymers  PES 
and  PPS  used  in  the  present  case  are  known  to  be  very  stable  for 
up  to  at  least  200  °C,  their  degradation  temperatures  are  370  and 
400  °C,  respectively  [21].  Thus,  the  beneficial  changes  in  elec¬ 
trical  resistance  in  the  present  case  have  to  be  associated  with 
internal  morphological/structural  changes  in  the  composites. 

It  is  quite  well  known  that  polymers  can  undergo  slow  defor¬ 
mation  under  long-term  exposure  to  high  temperature  (above 
glass  transition  temperature)  due  to  re-crystallization,  creep, 
stress  relaxation,  etc.  [22].  This  can  result  in  re- orientation  of 
the  filler/fibre  in  the  matrix.  Since  electrical  conduction  of  the 
composite  is  dependent  on  the  inter-particulate  distance  of  the 


Fig.  5.  Effect  of  high-temperature  exposure  on  electrical  resistance  of 
PPS-graphite  composite  containing  different  concentrations  of  graphite. 
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Shrinkage  PES 


Shrinkage  PPS 


Fig.  6.  Shrinkage  in  PES-graphite  (A)  and  PPS-graphite  (B)  composite  discs 
after  heat  treatment. 


conducting  phase,  it  is  much  more  sensitive  to  small  changes  in 
this  parameter  than  a  mechanical  property  such  as  tensile  mod¬ 
ulus.  Hence,  significant  changes  in  electrical  conductivity  are 
anticipated  after  prolonged  annealing.  The  fact  that  the  elec¬ 
trical  resistivity  decreases  after  this  thermal  treatment  suggests 
that  the  filler  particles  are  coming  closer  to  each  other  rather 
than  going  apart.  This  is  in  agreement  with  the  observations  on 
shrinkage  discussed  later. 

Fig.  6(A  and  B)  depicts  the  changes  in  the  physical  dimen¬ 
sions  of  the  samples  in  terms  of  shrinkage  for  PES  and  PPS 
graphite  composites  with  composition  after  continuous  heat 
treatment.  For  low  graphite  concentrations,  there  is  a  large 
change  (>10%)  in  the  degree  of  shrinkage,  while  for  composites 
containing  >45%  of  graphite  the  shrinkage  is  very  low  (<0.3%). 
It  is  further  to  be  noted  that  PES-graphite  composites  have  larger 
dimensional  changes  than  PPS-graphite  composites,  and  that 
these  changes  are  mainly  along  the  radial  direction  (parallel  to 
surface)  than  the  thickness.  These  observations  are  in  keeping 
with  the  fact  that  PPS  being  semi-crystalline,  it  is  rigid  polymer 
while  PES  is  amorphous  and  more  flexible  at  higher  tempera¬ 
tures  above  the  glass  transition  temperature  [23].  The  former 
would  be  more  dimensionally  stable  than  the  latter.  At  high 
graphite  contents,  however,  the  properties  are  governed  mainly 
by  the  high  rigidity/low  creep  due  to  a  reinforcing  effect  and 
therefore  there  will  be  very  little  change  in  the  dimensions  in 
both  these  cases,  as  is  seen  in  Fig.  6. 

In  order  to  investigate  the  internal  structural  changes  occur¬ 
ring  in  these  composites  during  and  after  processing,  X-ray 
diffraction  (XRD)  studies  were  conducted.  All  the  XRD  scans 
are  not  shown  here,  rather  only  typical  ones  are  included  to  bring 
out  the  changes  that  take  place.  Fig.  7  shows  the  XRD  scan  for 
powder  mixed  PPS-graphite  composite,  while  Fig.  8(A  and  B) 
provides  a  comparison  for  PES-graphite  composites  prepared 
by  powder  mixing  and  solution  blending  techniques,  respec¬ 
tively.  The  curves  1  and  2  in  these  figures  represent  the  XRD 
pattern  for  samples  before  heat  treatment  and  after  heating  to 
a  high  temperature.  The  high,  intense  sharp  peak  (002  reflec¬ 
tion)  of  the  graphite  crystallites  occurring  at  20  =  26.5°  shifts  to 
a  lower  20  region  and  becomes  a  broad  peak  of  lower  intensity 


Fig.  7.  XRD  scans  for  PPS-graphite  composites  with  40  wt.%  graphite  powder 
mixed  and  compression  moulded:  curve  (1)  before  and  (2)  after  heat  treatment. 

after  the  heat  treatment.  The  extent  of  this  change  in  the  diffrac¬ 
tion  peak  depends  on  the  processing  condition;  solution  blended 
PES-graphite  samples  give  the  maximum  differences.  These 
changes  in  the  XRD  patterns  indicate  that  the  crystallite  size 
of  the  graphite  particles  is  reduced  (the  peak  width  is  increased) 
[24]  by  the  processing  technique  adopted.  It  should  be  mentioned 
here  that  naturally  occurring  graphite  contains  stacks  of  crystal- 

o 

lites  with  a  c-axis  of  6.79  A  and  with  an  inter-gallery  distance  of 

o 

10-16  A  [25].  On  the  other  hand,  the  expanded  graphite  espe- 


Fig.  8.  XRD  scans  for  PES-graphite  composites  with  44  wt.%  graphite  pow¬ 
der  mixed  (top)  (A)  and  solution  blended  (lower  graph)  (B)  with  compression 
moulding:  curve  (1)  before  and  (2)  after  heat  treatment. 
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Table  1 

XRD  analysis  of  the  PES/graphite  solution  blended  composite  before  and  after 
heat  treatment 


Graphite 

(wt.%) 

002  Peak  position  26  (°) 

Intensity  (cps) 

Before  heat 

After  heat 

Before  heat 

After  heat 

treatment 

treatment 

treatment 

treatment 

A 

37.50 

26.51 

26.25 

14424 

8100 

44.44 

26.47 

25.85 

29104 

9742 

60.00 

26.35 

25.61 

36214 

13433 

Graphite 

(wt.%) 

Crystallite  Size  (nm)a 

Interplanar  d-spacing  (A) 

Before  heat 

After  heat 

Before  heat 

After  heat 

treatment 

treatment 

treatment 

treatment 

B 

37.50 

46.20 

21.92 

3.3560 

3.3923 

44.44 

41.67 

17.34 

3.3646 

3.4438 

60.00 

20.83 

13.86 

3.3796 

3.4623 

a  Crystallite  size  determined  from  Scherrer’s  equation  (Ref.  [23]). 


dally  after  formation  of  the  composite  with  polymers,  gives  rise 
to  a  large  separation  of  the  crystallites  and  reduction  in  their  size. 
In  the  latter  case,  the  XRD  pattern  has  been  found  to  show  a  shift 
in  the  0  0  2-peak  position  with  broadening  [26,27],  i.e.,  very  sim¬ 
ilar  to  that  observed  in  the  present  case.  The  polymer/graphite 
interaction  can  thus  give  rise  to  a  reduction  in  crystallite  size, 
especially  when  solution  mixing  is  carried  out.  Since  there  is 
a  large  reduction  in  the  peak  intensity  of  the  002  reflection, 
it  also  suggests  that  re-orientation  of  the  crystallites  after  heat 
treatment  is  taking  place.  If  a  major  number  of  graphite  crystal¬ 
lites  are  stacked  with  layers  parallel  to  the  sample  surface  or  to 
the  c-axis  perpendicular  with  reference  to  the  sample  surface,  the 
00  2  reflection  will  be  very  intense,  but  for  random  orientation 
this  will  be  less  intense  [28]. 

Table  1A  and  B  summarizes  the  XRD  data  analysis  for  the 
above  samples.  The  changes  are  schematically  represented  in 


(B) 

Fig.  9.  Schematic  representation  of  graphite-filled  polymer  composite  prepared 
by:  (A)  powder  mixing  and  (B)  solution  blending  with  compression  moulding. 


Fig.  9  which  depicts  the  polymer  graphite  composite  prepared 
by:  (A)  powder  mixing  and  (B)  solution  blending.  In  the  former 
case,  the  polymer  particles  have  to  fuse  with  each  other  during 
compression  moulding  and  heat  treatment.  In  the  latter  case,  the 
polymer  solution  delaminates  the  graphite  particles  and  leads 
to  a  reduction  in  particle  size  as  well  as  random  distribution  in 
the  crystallite  orientation.  This  will  give  rise  to  lowering  of  the 
critical  threshold  of  graphite  concentration  for  conductivity,  as 
well  as  to  low  anisotropy  in  electrical  resistivity  in  the  solution 
blended  sample,  as  has  indeed  been  observed. 

4.  Conclusions 

High-temperature  thermoplastic-graphite  composites  can  be 
prepared  by  different  techniques.  A  third  additional  conducting 
particulate  additive  gives  sufficiently  high  conductivity  at  a  low 
graphite  loading,  which  is  acceptable  for  bipolar  plates  used  in 
fuel  cells.  The  electrical  properties  for  such  hybrid  composites 
depend  on  the  processing  technique  used.  Heat  treatment  at  high 
temperature  does  not  degrade  the  conductivity.  In  fact,  in  few 
cases,  slightly  higher  conductivity  is  obtained  after  such  anneal¬ 
ing  treatment  over  long  time.  Although  there  is  some  shrinkage 
after  heat  treatment,  it  depends  on  the  graphite  concentration 
and  is  within  acceptable  limits  at  45%  of  graphite.  The  var¬ 
ious  changes  observed  in  the  electrical  properties  have  been 
explained  on  the  basis  of  modification  of  the  microstructure  in 
these  composites.  Solution  mixing  of  graphite  with  PES  fol¬ 
lowed  by  moulding  of  the  dried  powder  leads  to  a  down-sizing 
of  the  graphite  particles  and  a  more  uniform  distribution  of  the 
conducting  phase. 
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